T he apical junction complex (AJC), consisting of the tight junction (TJ) and adherens junction (AJ), is a multiprotein organelle that is intimately linked to dynamic networks of apical actin, [1] [2] [3] which, by simultaneously lending the AJC both stability and plasticity, enable it to control intestinal permeability. Neural Wiskott-Aldrich Syndrome protein (N-WASP) is a ubiquitously expressed protein that interacts with and activates the actin-related protein (Arp)2/3 complex, leading to robust polymerization of actin filaments. N-WASP has been shown to stabilize newly formed actin filaments and facilitate their incorporation into perijunctional rings critical for E-cadherin-dependent AJ stability. 4 There is also indirect evidence of a role for N-WASP in regulating both the delivery and removal of key junction proteins. A role for N-WASP in delivery of AJC proteins was suggested by studies in which chemical inhibition or depletion of N-WASP in epithelial cell lines was associated with defective delivery of occludin, 5 E-cadherin, and F-actin 6 to nascent AJCs. Evidence for N-WASP-mediated removal of AJC proteins comes from studies of Drosophila epithelium lacking Cell division cycle (Cdc)42, N-WASP, or Arp3. In these studies, genetic depletion of any member of the Cdc42/N-WASP/Arp pathway in fly epithelium led to defective internalization of E-cadherin and destabilization of the AJC. 7, 8 As the major regulator of intestinal permeability, the AJC is also the target of a number of bacterial pathogens, including enteropathogenic Escherichia coli (EPEC) and enterohemorrhagic E coli (EHEC), and the closely related mouse pathogen Citrobacter rodentium. 9, 10 These pathogens use type III secretion to inject effector proteins that modulate a variety of host cellular processes. The first of these translocated proteins, the translocated intimin receptor (Tir), activates N-WASP, which results in localized actin polymerization and the formation of actin-rich pedestals and destruction of adjacent microvilli, lending this class of bacteria their designation as attaching-and-effacing (AE) pathogens. 11 EPEC, EHEC, and C rodentium also disrupt intercellular junctions and induce intestinal barrier dysfunction, 9, 10 and bacterial effector protein EspF, common to all 3 pathogens, has been shown to be required for AE pathogen-induced junction disruption. 9 Although the mechanism of EspF-mediated junction disruption remains unknown, EspF contains N-WASP binding sites and is capable of directly stimulating the actin polymerizing activity of N-WASP. 12 In addition to binding N-WASP, EspF also contains a nonoverlapping binding site for sorting nexin 9 (SNX9). 12 Sorting nexins are involved in diverse endocytic vesicle sorting activities, and the specific functions of SNX9 within the epithelium are largely unknown. 13, 14 Direct binding of EspF to SNX9 alone appears to be dispensable for mediating EspF-dependent TJ disruption, 12 although a role for EspF binding to N-WASP in mediating TJ disruption has not been reported. We sought to evaluate the role that N-WASP, as a key regulator of actin dynamics, plays in maintaining AJC homeostasis, and to test whether AE pathogens, through EspF, exploit N-WASP-dependent pathways to disrupt AJC function. We first show in vivo and in vitro that N-WASP regulates AJC homeostasis, and is required for efficient TJ assembly and disassembly. Moreover, we identify a novel pathway whereby the bacterial effector EspF disrupts tight junctions through exploiting an otherwise homeostatic function of both N-WASP and SNX9 in regulating removal of TJ proteins from the AJC. 
Materials and Methods

Mice
Western Blot
For Western blot, intestinal epithelial cells were isolated from 8-week-old littermate control or iNWKO mice by EDTA dissociation as previously described, 16 and lysed with ice-cold buffer (150 mmol/L NaCl, 50 mmol/L Tris-HCl, pH 7.4, 1% Triton X-100 (Sigma, St. Louis, MO), complete protease inhibitor cocktail). Lysates were centrifuged at 13,000g for 15 minutes at 4 C and the supernatant (Triton-soluble cytoplasmic fraction) was collected. The pellet was resuspended in lysis buffer containing 1% sodium dodecyl sulfate and centrifuged, and the supernatant (Triton-insoluble membrane/cytoskeletal fraction) was collected. To asses short hairpin RNA (shRNA) knockdown in Caco-2 cells, monolayers were grown to approximately 90% confluence then lysed in ice-cold RIPA buffer (50 mmol/L Tris, 150 mmol/L NaCl, 0.1% sodium dodecyl sulfate, 0.5% sodium deoxycholate, 1% NP-40, protease inhibitors). Lysates were separated by sodium dodecyl sulfate gel electrophoresis, and transferred onto nitrocellulose membrane. 16 Immunoblotting was performed with rabbit polyclonal anti-N-WASP (1:2000) (kindly provided by Dr Marc Kirshner), or rabbit polyclonal anti-N-WASP antibody (1:500) (Cell Signaling Technology, Danvers, MA), followed by horseradish-peroxidase-conjugated goat antirabbit secondary antibody (1:3000; Cell Signaling), and visualized using enhanced chemiluminescence (GE Healthcare Life Sciences, Piscataway, NJ).
In Vivo Assessment of Intestinal Permeability
The fluorescein isothiocyanate (FITC)-dextran assay was performed as previously described. 17 In brief, mice were administered 60 mg/100 g body weight 4 kilodaltons FITCconjugated dextran (Sigma-Aldrich, St. Louis, MO) by oral gavage. Four hours later, whole blood was obtained by cardiac puncture in anesthetized animals and incubated on ice for 1 hour, followed by centrifugation at 13,000 rpm for 5 minutes to collect serum for assessment by direct fluorimetry.
Polarized Cell Culture
Caco-2 brush border expressing (BBe) cells were obtained from the epithelial cell biology core at the Harvard Digestive Diseases Center. Cells were maintained in a humidified atmosphere of 5% CO 2 at 37 C, grown in Dulbecco's modified Eagle medium (Gibco Invitrogen, Paisley, UK) supplemented with 10% fetal bovine serum, 1% nonessential amino acids, 1% penicillin (1000 U/mL), and 1% streptomycin (1000 mg/mL). For permeability and infection studies, the cells were seeded on rat-tail collagen-coated 12-mm polycarbonate permeable Transwell cell culture inserts (0.4-mm pore size; Costar Corning, Inc, Corning, NY) at an initial density of 1 Â 10 4 cells/well. Culture medium was replaced every 2-3 days as needed and cells were maintained for up to 31 days to form a differentiated monolayer. Cell confluence was confirmed by microscopic observance and measurement of transepithelial electrical resistance (TER) using a 12-well, 12-mm Endohm voltmeter (World Precision Instruments, Sarasota, FL) as previously described. [18] [19] [20] shRNA Knockdown N-WASP and SNX9 knockdown were achieved by transducing Caco-2 cells with N-WASP shRNA (antisense sequence: GCTGGAGATACTTGTCAAG), SNX9 shRNA (antisense sequence: TACTCGTGATTACATTCCATC), or scrambled control in a pLKO.1-based lentiviral vector (Open Biosystems, Pittsburgh, PA). After transduction, cells were selected and maintained in 10 mg/mL puromycin. N-WASP and SNX9 protein levels were determined after selection by Western blot and detection with rabbit polyclonal anti-N-WASP antibody (Cell Signaling Technology) and monoclonal mouse anti-SNX9 antibody (Abcam, Cambridge, MA).
Greater than 90% knockdown was confirmed by comparison of the optical density of N-WASP and SNX9 bands relative to tubulin loading controls in ImageJ software (National Institutes of Health, Bethesda, MD).
Line Scan and Kymographic Analysis
Raw imaging stacks were analyzed using ImageJ software. A line 60-pixels long was drawn perpendicular to the junctional actin and a kymograph was created from the image sequence using the Multiple Kymograph and surface plot analysis functions of ImageJ software. For the line scan analysis, histogram data were saved as a text file and imported into Excel (Microscoft, Redmond, WA).
Generation and Passaging of Intestinal Organoids
Small intestinal crypts were isolated from WT and iNWKO mice and subsequently cultured to grow organoids according to the methods described by Miyoshi and Stappenbeck. 21 In brief, intestinal tissues were opened longitudinally and villi were removed by scraping with a glass coverslip before mincing and incubation in 2 mmol/L EDTA with gentle rocking. Supernatants obtained from successive incubations were examined to identify crypt-enriched fractions, which subsequently were maintained in basal culture medium consisting of advanced Dulbecco's modified Eagle medium/ F12 supplemented with penicillin (100 U/mL) and streptomycin (100 mg/mL) (Life Technologies, Carlsbad, CA), GlutaMAX (Gibco, Gaithersburg, MD), and 10 mmol/L HEPES. Crypts were resuspended in Matrigel (Corning Life Sciences, Tewksbury, MA) at a density of 200 crypts/50 uL, and allowed to form hemispherical droplets by inversion at 37 C. After solidification of Matrigel droplets, 500 uL complete culture medium consisting of basal culture medium supplemented with B27 supplement (Life Technologies), 1Â N2 supplement (Life Technologies), 1 mmol/L N-acetyl-Lcysteine (Sigma-Aldrich), and 50% L-Wnt3A/R-spondin-3/ noggin (WRN) conditioned media 21 was obtained from the Harvard Digestive Diseases Core. Organoids were passaged after 7-14 days in culture by gently breaking up the Matrigel by pipetting and resuspending organoids in 1 mL basal culture medium followed by gently disruption using a firepolished Pasteur pipette. Organoids were washed with 10 mL basal culture medium to remove single and dead cells and resuspended in 50 uL Matrigel droplets, which were allowed to solidify before adding complete organoid media.
Antibodies and Immunofluorescence Microscopy
Immunostaining was performed as previously described. 22 Briefly, for mouse intestinal tissue, 5-mm frozen sections were collected on coated slides, fixed in fresh 4% paraformaldehyde, and washed 3 times with phosphate-buffered saline (PBS) and permeabilized with 0.1% Triton-X 100. After incubation with anti-E-cadherin (Cell Signaling Technology), anti-occludin (Abcam), or anti-zonula occludens-1 (ZO-1) (Abcam) primary antibodies, all at 1:400, slides were washed and incubated with Alexa 594-conjugated goat antirabbit or Alexa 488-conjugated goat anti-rabbit secondary antibodies and DAPI (Life Technologies, Grand Island, NY). Standard epifluorescence microscopy was performed using an AX70 upright microscope (Olympus, Tokyo, Japan). For polarized Caco-2 cells, the Transwell filters were cut out using a scalpel and immediately washed with PBS and fixed in 4% paraformaldehyde. Further staining was performed in 6-or 12-well plates as described for frozen sections. Confocal images were obtained with a Zeiss (Jena, Germany) Axiovert 200M microscope.
Transmission Electron Microscopy
Electron microscopy (EM) was performed in the Microscopy Core in the Program for Membrane Biology at Massachusetts General Hospital. Intestinal tissues were fixed in 2.0% glutaraldehyde in 0.1 mol/L sodium cacodylate buffer (Electron Microscopy Sciences, Hatfield, PA) overnight at 4 C. The following day, samples were postfixed in 1.0% osmium tetroxide for 1 hour at room temperature, rinsed in buffer, and dehydrated through a graded series of ethanol. Samples then were infiltrated with Epon resin (Ted Pella, Redding, CA) in a 1:1 solution of Epon:ethanol overnight. The following day, they were placed in fresh Epon for several hours and then embedded in Epon overnight at 60 C. Thin sections were cut on a Leica (Wetzlar, Germany) EM UC7 ultramicrotome, collected on formvar-coated grids, stained with uranyl acetate and lead citrate, and examined in a JEOL (Peabody, MA) JEM 1011 transmission electron microscope at 80 kV. Images were collected at direct magnification of 30,000Â using an AMT digital imaging system (Advanced Microscopy Techniques, Danvers, MA).
Calcium Switch
The calcium-switch technique has been described previously. 23 Briefly, for calcium depletion, once monolayers developed maximal TER, normal media was replaced with calcium-free Minimum Essential Medium Eagle Spinner Modification, which had been prewarmed to 37 C. Changes in TER were measured every 10 minutes for 1 hour. At 0-, 15-, and 30-minute time points, wells were harvested, washed in PBS, and fixed in fresh 4% paraformaldehyde for immunostaining as described earlier. For calcium repletion, fully confluent monolayers were cultured overnight in Minimum Essential Medium Eagle Spinner Modification, and the media replaced with complete Dulbecco's modified Eagle medium containing calcium. Serial TER measurements were obtained every 15 minutes for the first hour after calcium repletion, then every 30 minutes for 8 hours. At 0, 3, and 8 hours after calcium repletion, wells were harvested for junction characterization.
Bacteria and Infections
For in vitro infections, wild-type EPEC strain E2348/69 (EPEC 0127:H7) 24 or E2348/69 (EspF) complemented with N-WASP-or SNX9-binding-defective EspF constructs (described later) were grown in Luria-Bertani broth with shaking at 37 C for 12 hours, and then maintained without shaking for 8 hours at 37 C to enhance type III secretion. For in vitro infections, bacterial density was assessed by photometric measurement of optical density (optical density of 600), and diluted to a final multiplicity of infection of 100 bacteria per cell in prewarmed Caco-2 medium without antibiotics. Bacteria were allowed to adhere for up to 12 hours, and TER measurements were obtained at the indicated time points in triplicate wells. At 4 hours after infection, Transwell filters were removed and fixed in fresh 4% PFA for actin pedestal assessment and immunostaining. For in vivo infections, wild-type C rodentium strain David B. Schauer(DBS) 100, or DBS100DespF (EM282) strains complemented with N-WASP-or SNX9-binding-defective EspF constructs were similarly grown overnight. Mice were infected by a single oral gavage of 1 Â 10 9 bacteria. EspF-deficient EPEC strain UMD874 (E2348/69DespF) has been described previously. 25 The EspF-deficient C rodentium strain EM282 (DBS100DespF) was generated by using lambda red recombination. 26 Linear polymerase chain reaction (PCR) products containing the Zeocin cassette and its promoter region with flanking tails homologous to C rodentium espF were amplified from pDONR/Zeo. DBS100 containing pKD46, which carries the lambda red recombinase, was induced with arabinose to allow for expression of the lambda red recombinase. The linear PCR fragment then was electroporated into DBS100. Bacteria were recovered and plated on Zeocin to select for recombinants and deletions were confirmed by PCR.
Generation of Modular EspF and N-WASP-and SNX9-Binding-Defective EspF
The modular version of EspF (pTM007) was generated by inverse PCR of pJN61 (a pTrc99A-based vector containing FLAG-tagged espF) 27 using the forward (GCCACGA ATTCCCAACCCGTCAGGCACCA) and reverse (CCGGAT GAATTCCCCGGGAGTAAATGAAGTCACCTGGCTGCT) primers followed by E. coli RY13 I (EcoRI) digestion and ligation. This yielded a version of EspF that contained the N-terminal 73 amino acids, in addition to the third proline-rich region (PRR) and C-terminus (pTM001). The second PRR was amplified from pJN61 using the forward (GCCAACTCCGGAC CAACCCGTCCGGCACC) and reverse (CCGGATGAATTCCCCGG GCTTAAAGCTTACAGTCTCAGACGCTT) primers and ligated into pCR-Blunt (pTM003). To generate a modular version of EspF that contained 2 PRR, pTM001 was linearized by Xanthomonas malvacearum I (XmaI) and EcoRI digestion, pTM003 was cut from pCR-Blunt by Bacillus sp. EI (BspEI) and EcoRI, and the 2 fragments were ligated. Performing XmaI and EcoRI digestion of the vector now containing 2 PRR, taking the BspEI/EcoRI digested pTM003 PRR and ligating the 2 fragments added a third PRR, yielding pTM007, a plasmid that contains the native N-terminus of EspF, 2 copies of the second PRR and the native third PRR and C-terminus. Point mutations that altered N-WASP (leucine 31 to alanine; L31A) 28 and SNX9 (arginine 3 to aspartic acid; R3D) 12 binding efficiencies were generated by Multi-site QuikChange Site-Directed Mutagenesis (Stratagene, La Jolla, CA) of pTM001 and pTM003 to ensure each PRR contained the nucleotide alterations before generating a version that contained multiple PRR. The N-WASP binding site was mutated using the forward (GCACAGGCA CTAAAAGATCATGCAGCTGCCTATGAGCAATCG) and reverse (CGATTGCTCATAGGCAGCTGCATGATCTTTTAGTGCCTGTGC) primers for pTM001, and the forward (CCATTGCACA GGCATTAAAAGATCATGCAGCTGCCTATGAACTATCG) and reverse (CGATAGTTCATAGGCAGCTGCATGATCTTTTAATG CCTGTGCAATGG) primers for pTM003. The SNX9 binding site was mutated using the forward (CTCGGGGAATTCCCA ACCGATCAGGCACCACCGCCACC) and reverse (GGTGGCGGT GGTGCCTGATCGGTTGGGAATTCCCCGAG) primers for pTM001, and forward (CCAACTCCGGACCAACCGATCCGG CACCGCCGCCACC) and reverse (GGTGGCGGCGGTGCCGGA TCGGTTGGTCCGGAGTTGG) primers for pTM003.
Data
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Results
Mice With Intestine-Specific N-WASP Deletion Have Spontaneous AJC Defects and Increased Intestinal Permeability
Germline deletion of N-WASP in mice results in early embryonic lethality. 29 To investigate the intestinal junction regulatory functions of N-WASP in vivo, conditionally targeted Wasl flox/flox mice [30] [31] [32] were bred with mice expressing Cre recombinase under the intestine-specific promoter villin (tg vil-Cre ). 15 iNWKO mice were viable and fertile, although tended to have lower overall average weights compared with littermate controls. H&E staining showed normal crypt-villous architecture with all epithelial cell lineages present and no evidence of spontaneous inflammation. 32 Electron microscopic analysis showed that iNWKO mice displayed abnormal microvilli and decreased perijunctional actin ( Figure 1A) . Immunofluorescent staining showed normal junction localization of E-cadherin and ZO-1, but weak junction localization and more diffuse cytoplasmic staining of occludin ( Figure 1B ) despite comparable levels of total occludin protein in membrane and cytosolic fractions ( Figure 1C ). Although the pixel intensity by line scan at the tight junction appeared very similar between WT and N-WASP knockdown (NWKD) cells, the intensity of the occludin signal decreased more quickly as one moved away from the junction toward the cytoplasm in the WT cells compared with the NWKD cells, which reflects less discrete junctional staining in the absence of N-WASP. Decreased junction localization of occludin also was observed in N-WASP-deficient small intestinal organoids, whereas localization of other AJC-related proteins, including E-cadherin and ZO-1, as well as Arp2 and myosin light chain (MLC), were similar to WT controls ( Figure 1D ). To determine if abnormal junction localization of occludin observed in iNWKO mice and organoids correlated with impaired intestinal barrier function, we measured intestinal permeability and found spontaneously increased intestinal permeability to FITC-dextran in iNWKO mice when compared with littermate controls ( Figure 1E ). There were no significant differences in subcellular localization of Arp family members, including Arp2 and Arp3 (Figure 2A-C) , or other AJC-related molecules including myosin light chain (Figure 2A-C) and claudin-1, -2, and -5 ( Figure 2D ).
N-WASP Regulates Epithelial Permeability In Vitro
To investigate the mechanistic role(s) that N-WASP plays in regulating TJ dynamics, we generated N-WASP-deficient Caco-2 cells ( Figure 3A) . When cultured on permeable Transwell filters, NWKD cells polarized normally and showed apical microvilli marked by phalloidin ( Figure 3B , left) and well-defined junction complexes marked by E-cadherin ( Figure 3B, right) . In contrast to E-cadherin and ZO-1 ( Figure 3C , top and bottom), the junctional localization of occludin was less distinct with more cytoplasmic staining in NWKD cells ( Figure 3C , middle). By using line scan analysis, 33 we found no quantitative differences in E-cadherin or ZO-1 localization at the AJC between WT and NWKD cells ( Figure 3D, top and bottom) . In contrast, the occludin signal was diminished at intercellular junctions in NWKD cells when compared with WT cells and was more pronounced in the cytoplasm ( Figure 3D, middle) .
To next assess whether the aberrant TJ morphology correlated with altered barrier function, we measured the development of TER over the course of 30 days after seeding on permeable Transwell filters and found that the maximal TER achieved by fully polarized NWKD cells was ultimately 25% less than cells expressing normal levels of N-WASP ( Figure 3E ). Of note, NWKD cells developed TER more rapidly around days 12-13, which may reflect slightly increased proliferation and more rapid confluency in NWKD monolayers, but TER essentially plateaued and did not significantly increase beyond day 14 in culture.
To determine whether N-WASP influences the ability of the AJC to dynamically alter permeability in response to exogenous signals, we used the calcium-switch technique, in which removal of calcium from the culture medium of mature monolayers rapidly induces junction disassembly and loss of TER, and restoring calcium promotes junction reassembly and recovery of TER. 23 Consistent with a role for N-WASP in internalization of AJC proteins, N-WASP depletion led to a delayed response during calcium withdrawal compared with WT controls: 10 minutes after calcium removal, WT monolayers showed a 27.6% loss of TER (range, 17.7%-36.9%), whereas TER in NWKD monolayers was essentially unchanged from its starting value (99.6%-104%; P < .05 vs WT), and took approximately twice as long to reach a similar decrement (28% decrease in TER after 19.4 minutes) ( Figure 4A ). Delayed junction disassembly in NWKD cells also was reflected by the persistence of well-formed tight junctions, with increased persistence of occludin, but not E-cadherin or F-actin, in NWKD cells compared with WT control cells during calcium depletion ( Figure 4B) . N-WASP depletion also resulted in delayed junction reassembly. After overnight culture in low-calcium medium, we performed serial TER measurements in WT and NWKD cultures after restoring calcium to the media. Recovery of TER in NWKD cells significantly lagged behind that of WT: although WT cells rapidly recovered monolayer resistance between 2 and 6 hours after calcium repletion, TER in NWKD cultures only gradually began to increase after 2 hours, and did not return to steady-state TER until after >8 hours ( Figure 4C ). The delay in TER recovery induced by N-WASP depletion also correlated with delayed recovery of AJC morphology. Although both WT and NWKD cells displayed a complete disruption of occludin localization after overnight culture in low-calcium media ( Figure 4D , left panels), the majority of occludin signal relocalized to the cell-cell junctions in WT cells 8 hours after restoring calcium to the culture medium. In contrast, occludin remained primarily localized to the cytoplasm in NWKD cultures at 8 hours ( Figure 4D, top panel) . In contrast to the effects observed for occludin, junction localization of E-cadherin and F-actin appeared similar in calcium-repleted NWKD and control monolayers ( Figure 4D , lower panels).
Host N-WASP and SNX9 Are Required for EPEC-Induced Barrier Dysfunction and Junction Disruption
Because EspF, an AE pathogen effector protein essential for TJ disruption, is capable of binding both N-WASP and the endocytic modulator SNX9, 12 we hypothesized that EspF induces intestinal barrier dysfunction by simultaneously activating N-WASP and SNX9 to stimulate the internalization of AJC proteins. We first assessed the ability of WT EPEC, 24 expressing native EspF, to induce TJ disruption and permeability changes. After 4 hours of infection, EPEC induced a 61.4% decrease in TER (range, 51%-72%) in WT monolayers, whereas NWKD monolayers were more resistant to barrier disruption, with TER decreasing by 28.8% (range, 25%-34%' P < .01 for DTER in NWKD vs WT) ( Figure 5A ). As expected, 11, 34, 35 membrane-attached EPEC induced robust actin pedestal formation on WT cells ( Figure 5B and C) , along with the relocalization of ZO-1 to the tip of actin pedestals ( Figure 5B, white arrows) . Somewhat unexpectedly, EPEC also was able to induce pedestals on NWKD cells ( Figure 5B, second row) , but despite the presence of a large number of actin pedestals, did not disrupt ZO-1 or E-cadherin, or induce the relocalization of these AJC proteins to actin pedestals in the setting of reduced N-WASP levels. Apical (XY plane) views showed strong staining of both E-cadherin and ZO-1 at the periphery between neighboring EPEC-infected NWKD cells, and side views (XZ and YZ planes) showed well-defined linear strands of both AJC proteins ( Figure 5B and C) . In contrast, ZO-1 was not localized at junctions in EPEC-infected WT cells ( Figure 5B , top row). Consistent with these findings, surface intensity plots of ZO-1 pixel distribution derived from cell-cell boundaries showed reduced peak intensities in EPEC-infected WT, but not NWKD, cells (data not shown), indicating inefficient TJ disruption in the absence of N-WASP.
Each PRR from EspF has nonoverlapping binding sites for both N-WASP and SNX9, suggesting that the ability to simultaneously interact with both of these host proteins may be important for the maximal activity of EspF. 12 To investigate whether SNX9, similar to N-WASP, was required for EPEC-induced junction disruption, we generated Caco-2 cell lines with stable SNX9 knockdown (SNX9KD) ( Figure 5D ). Similar to the NWKD cells, SNX9KD cells were partially resistant to EPEC-induced permeability changes, with TER decreasing by 43.7% (range, 22%-58%; P < .05 for DTER in SNX9KD vs WT) after 4 hours in EPECinfected SNX9KD cells, compared with a 61.4% decrease in TER (range, 51%-72%) in WT cells ( Figure 5A ). After 4 hours, EPEC-infected SNX9KD cells showed a large number of actin pedestals and loss of the brush border ( Figure 3B , bottom row), however, similar to NWKD cells, E-cadherin and ZO-1 retained their discrete junctional localization patterns without relocalization of ZO-1 to actin pedestals ( Figure 5B and C, bottom rows) . Of note, both NWKD and SNX9KD cells showed numerous cytoplasmic perijunctional puncta (mean, 4.08/cell ± 0.41 SEM for NWKD; 4.26/cell ± 0.47 SEM for SNX9KD), which were enriched for E-cadherin but not ZO-1 ( Figure 5C, yellow arrows) , which may represent vesicles in an E-cadherin-specific recycling pathway that have accumulated owing to impaired efficiency of endocytosis in the absence of N-WASP or SNX9.
EspF Requires Both N-WASP and SNX9 Binding to Induce Efficient Relocalization of TJ Proteins
We next sought to determine whether EPEC strains expressing EspF variants that are unable to bind either N-WASP or SNX9 are able to induce epithelial barrier dysfunction. We introduced point mutations in each of the 3 C-terminal PRR repeats in either the N-WASP (L31A) or SNX9 (R3D) binding domains of espF (Figure 6A ), previously shown to be important for binding to N-WASP and SNX9. 12 We then complemented the EspF-deficient EPEC strain UMD874 (E2348/69DespF) with N-WASP-binding-defective EspF (pEspF NWBD ) or SNX9-binding-defective EspF (pEspF SNX9BD ), generating EPECDespF/pEspF NWBD and EPECDespF/ WT EPEC induced robust actin pedestal formation, disruption of ZO-1 localization, and recruitment of ZO-1 to the tips of actin pedestals; in contrast, EPECDespF/pEspF NWBD and EPECDespF/pEspF SNX9BD were both attenuated in their ability to induce TJ disruption, with persistent junction localization of ZO-1 (arrowheads) in infected cells. (C) WT cells infected with EPEC expressing WT EspF showed a 61.4% reduction in TER at 4 hours after infection; in contrast, EPECDespF/pEspFNWBD was only able to induce a 28.4% reduction in TER, and there was minimal change in TER at 4 hours in monolayers infected with EPECDespF/pEspFSNX9BD (P < .01 for WT EPEC vs EPECDespF/pEspFNWBD; P < .01 for WT EPEC vs EPECDespF/ pEspFSNX9BD). Scale bars: 10 mm. pEspF SNX9BD , respectively. WT cells infected with EPEC expressing WT EspF showed a 61.4% reduction in TER at 4 hours after infection; in contrast, EPECDespF/pEspF NWBD was only able to induce a 28.4% reduction in TER, and there was minimal change in TER at 4 hours in monolayers infected with EPECDespF/pEspF SNX9BD (P < .01 for WT EPEC vs EPECDespF/pEspF NWBD ; P < .01 for WT EPEC vs EPECDespF/ pEspF SNX9BD ) ( Figure 6C ). Both EPECDespF/pEspF NWBD and EPECDespF/pEspF SNX9BD were impaired in their ability to induce tight junction disruption, and ZO-1 remained discretely localized in subapical linear strands at the junction without relocalizing to actin pedestals ( Figure 6B) . Together, these results show that EspF specifically targets and disrupts tight junctions, and binding to both host N-WASP and SNX9 are required for its full activity.
C rodentium EspF Must Bind Both N-WASP and SNX9 to Induce Intestinal Pathology In Vivo
To test whether N-WASP and SNX9 binding are important for the pathogenicity of AE bacteria in vivo, we generated a C rodentium (CR) strain lacking EspF, and complemented this with N-WASPor SNX9-binding-defective EspF constructs. WT mice were infected with a single dose of 5 Â 10 8 colony-forming units WT CR, CRDespF, CRDespF/pEspF NWBD , or CRDespF/pEspF SNX9BD and followed up for 7 days. We first confirmed that WT CR could efficiently colonize WT mice and noted numerous actin pedestals and AE lesions in WT, but not iNWKO, mice by EM (Figure 7A, arrows) . As previously described, 36, 37 mice infected with WT CR lost weight ( Figure 7B ) and shed high titers of CR in the stool throughout the first 7 days of infection ( Figure 5C ). In contrast, disease was attenuated in mice infected with isogenic CRDespF strains expressing variant EspF unable to bind either N-WASP or SNX9. Mice infected with CRDespF/pEspF NWBD or CRDespF/ pEspF SNX9BD did not lose weight ( Figure 7B ). Both the WT and mutant CR strains were able to efficiently colonize mice ( Figure 7C ). Consistent with previous reports, 9 CR expressing WT EspF induced marked disruption of junction localization of ZO-1 ( Figure 7D , upper right). In contrast, and despite the presence of at least 10 7 colony-forming units/g of stool CR, the strains complemented with N-WASP-and SNX9-binding-defective EspF constructs were unable to induce AJC disruption, and ZO-1 appeared essentially unaffected ( Figure 7D , bottom panels). Attenuation in the ability of CR expressing N-WASP-bindingdefective EspF also correlated with protection from pathogen-induced increases in intestinal permeability to FITC-dextran compared with mice infected with WT CR ( Figure 7E ).
Discussion
In the intestinal epithelium, the AJC is intimately linked to dynamic networks of actin, and the ability of N-WASP to rapidly catalyze actin polymerization makes it an ideal candidate for controlling junction protein mobilization and turnover, which may ultimately influence AJC permeability. We found that mice lacking N-WASP in the intestinal epithelium have abnormal junction morphology and increased intestinal permeability. These findings correlate with the absence of perijunctional actin and a terminal web, in association with mislocalization of occludin.
We considered several ways in which N-WASP function might influence dynamic AJC states, including facilitating either the delivery or removal of AJC proteins, and found that N-WASP is required for both the efficient assembly and disassembly of the AJC in response to conditions that induce rapid cell depolarization and repolarization. The Apr2/3 complex, for which N-WASP is a key nucleation-promoting factor, has been shown to play an important role in endocytic vesicle organization and trafficking, and enterocytes from mice with intestine-specific ArpC3 deletion show extensive vesiculation and inclusions. 38 Notably, ArpC3 deletion does not affect the formation of early endosomes, but leads to prominent mislocalization of Vacuolar Protein Sorting (VPS) 26, a subunit of the retromer complex that participates in cargo loading into membrane tubules coated by Phox homology (PH)-BIN1, Amphiphysin and RVS167 (BAR) proteins, including multiple members of the sorting nexin protein family. [39] [40] [41] The potential importance of actin cytoskeletonmediated endocytosis in controlling AJC homeostasis is highlighted further by studies showing that intestinal deletion of cortactin, a dynamin-interacting protein that recruits Arp2/3 proteins to existing actin filaments, leads to reduced junction levels of ZO-1, claudin-1, and E-cadherin, and increased epithelial permeability. 42 The N-WASP-Arp2/3 complex therefore may directly promote TJ protein endocytosis, even in the absence of infection, through interacting with additional host proteins important for endocytosis, such as retromer complex and sorting nexin proteins as well as cortactin. Such a complex would spatially and temporally unite the molecular machinery necessary to generate propulsive forces that drive both vesicle elongation/detachment (N-WASP-mediated actin assembly), as well as the energy necessary for membrane scission and internalization of AJC-protein-containing vesicles (via SNX9 and dynamin).
An important concept in dynamic actin cytoskeletal regulation central to many homeostatic processes is actin filament treadmilling, in which actin polymerization is counterbalanced with depolymerization, and the relative contributions of these closely linked processes enables actin filaments to generate propulsive forces and serve as dynamic structural scaffolds. 43 The N-WASP-Arp2/3 complex primarily promotes polymerization of actin filaments and the formation of branched-actin-filament networks, whereas actin depolymerization factor (ADF) family proteins (ADF, cofilin-1, cofilin-2) severs and disassembles existing filaments, an activity that is significantly enhanced by the cofactor actin-interacting protein 1. [44] [45] [46] Notably, several recent studies have suggested a key role for ADF/ cofilin-1 in regulating the remodeling and permeability of epithelial junctions because loss of either cofilin-1, ADF, or actin-interacting protein 1 was associated with increased epithelial permeability, delayed AJC assembly, and increased susceptibility to dextran sodium sulfate-induced colitis. 47, 48 Although ADF/cofilin proteins primarily promote depolymerization during actin treadmilling, the activity of ADF/cofilin on existing filaments produces free barbed ends for subsequent Arp2/3 filament nucleation, and the overall result may be to promote N-WASP-Arp2/ 3-dependent actin polymerization, in which newly polymerized actin filaments are more stable than on older filaments. 49 Therefore, in addition to defects in AJC protein endocytosis, loss of N-WASP in the intestinal epithelium also may disrupt the critical balance of actin polymerization and depolymerization by failing to nucleate new actin filaments at ADF/cofilin-produced free barbed ends. The overall result may be defective perijunctional forcegenerating polymer motors and protein scaffolds leading to increased permeability and impaired dynamic AJC assembly and disassembly.
The significance of cytoskeletal regulation and its relationship to intestinal barrier maintenance also is highlighted by enteric pathogens that specifically target host proteins, including N-WASP, as part of their pathogenic strategy. EPEC, EHEC, and C rodentium induce diarrheal illness in part by injecting the highly conserved virulence factor EspF into enterocytes via type III secretion. 50 Although EspF has been shown to be a key mediator of AE pathogen-induced disruption of the intestinal barrier, the mechanism of EspF-dependent effects on the AJC is largely unknown. Because we found that N-WASP plays a role in the homeostatic maintenance of AJCs, and EspF has been shown to directly bind and activate N-WASP with high affinity, 12 we reasoned that EspF might act on the intercellular junction through an N-WASP-dependent pathway. Indeed, we found that N-WASP-depleted cells were resistant to EPEC-induced loss of barrier integrity in vitro. Because N-WASP also has been shown to play a role in facilitating the translocation of bacterial effector proteins by EHEC, 51 we considered whether the lack of junction disruption might be owing to ineffective type III secretion and impaired delivery of EspF. Several pieces of data indicate that translocation abnormalities in NWKD cells are unlikely to account for the failure of EspF-mediated barrier disruption. First, NWKD cells supported EPEC-induced actin pedestal formation, which is dependent on Tir translocation. 52 We acknowledge that the finding of actin pedestals on EPEC-infected NWKD Caco-2 cells, but not during C rodentium infection in mice, was somewhat unexpected. We suspect that given the central importance of Tir translocation and formation of the actin pedestal formation, AE pathogens have optimized mechanisms for recruiting and using even low levels of N-WASP protein, which may be present in the knockdown cells, but not in the epithelium of genetically depleted mice. In addition, ectopic expression of a WT EspF:green florescent protein (GFP) reporter construct induced strong cytoplasmic relocalization of TJ proteins in transfected WT, but not NWKD, cells (data not shown). Mutating N-WASP (or SNX9) binding sites in EspF, which is not predicted to affect EspF translocation, impaired the ability of EspF to induce TJ disruption in WT cells, which resembled the impairment seen in NWKD cells infected with EPEC expressing WT EspF. Taken together, these data show that EspF-induced tight junction disruption is mediated through N-WASP.
In addition to EspF/N-WASP interactions, we found that EspF also must bind SNX9 to disrupt the AJC. Previous studies have shown that an EPECDespF strain expressing SNX9-binding-deficient mutant EspF could disrupt TER in polarized T84 cells, 12 suggesting that the ability to interact with SNX9 may be dispensable for EPEC-induced junction disruption. However, more recent work by Tapia et al 53 showed that EPEC EspF disrupts epithelial polarity, induces endocytosis, redistributes Na þ /K þ adenosine triphosphatase, and disrupts TJs by displacing Crumbs (Crb)3 from the Crb polarity complex of Crb3/Pals1/Patj. In these studies, the ability of EspF to induce mislocalization of Crb3 was abolished by either blocking the interaction of EspF/SNX9 or inhibiting the guanosine triphosphatase activity of dynamin. We found that SNX9-depleted Caco-2 cells were resistant to EPEC-induced loss of TER and that EPECDespF transcomplemented with SNX9-binding-defective EspF failed to disrupt TER and AJC morphology. These discrepant results may be owing to differences in the expression of SNX9 and other closely related sorting nexins in different colon cancer cell lines. [54] [55] [56] Collectively, our findings show that EspF is similarly dependent on SNX9 and N-WASP to mediate EPEC-induced TJ alterations.
In vivo, EspF binding to either N-WASP or SNX9 appeared to play an important role in pathogen-induced weight loss ( Figure 5B ). Other investigators 57, 58 have reported a modest degree of weight loss during CR infection, and we speculate that this may be owing to several factors. First, CR expressing WT EspF induced significant AJC disruption, which is associated with increased enteric fluid and electrolyte loss. In addition, although CR complemented with either N-WASP-or SNX9-binding-defective EspF showed high levels of colonization by day 7 of infection, stool recovery of these mutant strains was 1-2 logs lower than levels observed in mice infected with CR expressing native EspF. Differences in bacterial burden, reflecting enhanced pathogenicity of CR expressing nonvariant EspF, also may contribute to significant weight loss through changes in the underlying microbiota. 59, 60 The current work highlights the dual role that the master cytoskeletal regular N-WASP plays in dynamic AJC assembly and disassembly. Further work will be required to determine how N-WASP facilitates the delivery and removal of specific TJ components to maintain intestinal homeostasis. A common theme in host-pathogen interactions is the utilization of otherwise homeostatic cell processes by invading microbes to enhance their pathogenesis. Consistent with the requirement of N-WASP for optimal junction plasticity and stability, we also found that EspF, an SNX9 interactor and direct inducer of N-WASP-dependent actin polymerization, 12 requires both N-WASP and SNX9 for efficient junction disruption. Although EspF has been shown previously to bind to both N-WASP and SNX9, we show, both in vitro and in vivo, that this binding is required for AE pathogens to induce intestinal barrier dysfunction. In addition to EPEC, EHEC, and C rodentium, numerous microbes manipulate the host cytoskeletal machinery including the clinically important species Helicobacter pylori (associated with gastric ulcers and cancer), 61, 62 adherent-invasive E coli (associated with Crohn's disease), 63 and segmented filamentous bacteria (a potent inducer of Th17 immune responses). 64 By understanding the functions of N-WASP, and cytoskeletal regulation more generally, additional insight will be gained into host cell processes that are critical for cellular homeostasis as well as targets for many important human pathogens.
